Introduction
With the tremendous and rapid development of portable electronic devices and electric vehicles, rechargeable batteries with large capacity, high rate capability and good cycle performance have attracted great attention both in basic research and industry applications. [1] As one of the most important energy storage devices, lithium−ion batteries (LIBs) are widely used in the commercial society. [2] However, issues such as cost, safety, energy storage density, charge/discharge rates, and lifetime will continue to spur the research for new batteries beyond LIBs. [3, 4] Room temperature sodium−ion batteries (SIBs) have gained increasing attention due to the cheaper cost and relative abundance of sodium. [5, 6] Calcium−ion batteries (CIBs) offer low price, chemical safety and lighter mass−to−charge ratio. [7] Moreover, potassium is indeed a competitive metal with less complicated interfacial reaction [8] and higher ionic conductivity [9] in solution.
The battery−performance characteristic strongly depends on the electrochemical properties of electrode materials. Great challenge of advanced metal−ion batteries is to find better electrode substrates. Currently, a wide range of compounds have been proposed for SIB anodes, and much progress has been made . [10, 5, 11] However, capacity for SIBs are still limited owing to the relatively large ionic radius of Na−ion (1.02Å) compared to Li−ion (0.76Å).
The commercially used anode material in LIBs, graphite, is not suitable for Na−ion batteries for the low capacity and poor rate capability. [12] With the high specific surface area, 2D materials provide variable choice in designing high energy and high motility devices. [13, 14] Much research efforts turn to the development of SIBs, KIBs (potassium ion−battery) and CIBs based on 2D materials, such as graphene [15] and its dopant, [16, 17] transition metal oxides, [18, 19] TMDs, [20, 21] silicene [22] and other van der Waals−bonded layered materials. [10, 23] 
Computational details
DFT calculations were performed by using the Vienna ab initio Simulation Package (VASP). The exchange−correction interaction were treated within the generalized gradient approximation (GGA) in the form of the Perdew−Burke−Ernzerhof (PBE) functional. [27] The electron wave functions were expanded using plane waves with a cutoff energy of 500 eV, and the convergence criteria for the residual force and energy on each atom during structure relaxation was set to 10 −2 eV/Å and 10 −5 eV, respectively. 4 × 4 × 1 supercells were built and complemented by vacuum layers of 20Å thickness in the out−of−plane direction to avoid interaction between periodic images. The k−point sampling of 3 × 3 × 1 and 7 × 7 × 1 were chosen for geometry optimization and electronic structure computation, respectively. For the adatom diffusion on MoO 2 sheet, the climbing image nudge elastic band method was used to perform minimum energy path profiling and figure out the diffusion barrier. [28] The strength between the metal atoms and the substrate was described by the average adsorption energy, E ads , which is defined as
where x is the total number of adsorbed metal atoms in the primitive cell and E AxMoO2 , E MoO2 , µ A is total energies of the metal ion adsorbed on the system, pristine MoO 2 monolayer, and the energy per atom in the bulk metal, respectively.
The average voltage of A x MoO 2 (A = Na, K, and Ca) in the range of x 1 ≤
x ≤ x 2 is given as
According to the Faraday equation, the maximum specific capacity, C A , is obtained by [16] 
Where x max represents maximum number of A in the primitive cell, F is the Faraday constant with the value of 26806 mAh mol −1 , and M is the mass of MoO 2 in g mol −1 .
Results and discussion

Adsorption of Na, K, Ca on MoO 2 surface
As the common transition−metal dichalcohenides (TMDs), MoO 2 monolayer is composed of a triple layer (sandwich structure), where atoms are stacked in a sequence of O−Mo−O with thickness of 2.47Å, the optimized lattice parameter is found to be a = b = 2.83Å, which are in good agreement with the previous calculation values of 2.82Å. [29] To systematically study metal atoms intercalation on MoO 2 monolayer, we first examine four possible high−symmetric adsorption sites (H site: hexagonal 4 center site; B site: over the center of the Mo−O bond; T site: the top of a O atom; T site: the top of a Mo atom) for isolated Na, K, Ca atom, as plotted in Fig. 1 (a) . The adsorption energies (E ads ) of a single Na, K, and Ca atom adsorbed on MoO 2 are illustrated in Fig. 1 (c The spin−dependent GGA plus Hubbard U (GGA+U) method was employed as a test. Comparing the E ads and DOS with the results obtained from the common GGA method, the difference is negligible, implying the weak onsite Coulomb repulsion between the 4d electrons of molybdenum. Moreover, the systems with/without metals absorption show non−magnetic behavior.
Diffusion of metal adatoms on MoO 2 surface
Another factor that plays a central role in the performance of electrode materials is the diffusion rate of ions, which contributes directly to the charging/discharging loading rates accessible by a battery. We investigate the dif- the T site. As we mentioned above, the almost equivalent adsorption energy at H and T sites motivates us to only consider the pathway (c). The optimized route is shown in Fig. 4(a) . The corresponding energy profiles of Na, K and Ca along pathway on the MoO 2 surface are depicted in Fig. 4(b) . The barrier for Na is 0.13 eV, implying very fast Na diffusion kinetics, which would lead MoO 2 to be an effective anode electrode for Na−ion batteries. When evaluating cycling stability, the degree of structural deformation would cause substantial loss of capacity in several cycles. After the absorption of maximum Na, K, and Ca, the thickness of MoO 2 is 2.50, 2.48, 2.52Å respectively, 
Conclusion
In summary, we investigate the properties of 2D 
